Large-scale studies on population-level sex ratios are few, even though sex ratio is an important determinant of population viability and dynamics. Mechanisms driving large-scale sex ratio variation include spatially autocorrelated resources and scale differences in local versus global Fisherian feedback of the operational sex ratio. In this study, we reanalyze historic data on sex ratios based on 187,404 hunted subadult and adult red squirrels (Sciurus vulgaris) capturing spatial sex ratio variation in 50 × 50 km squares throughout Finland over a period of 8 years. Overall, sex ratio was slightly male biased (50.9%) and relatively more 50 × 50 km squares showed a bias toward males (19% of squares) compared to females (8% of squares). Sex ratio was spatially autocorrelated at distances up to 200 km and in some years showed a U-shaped pattern: regions that were in close proximity and those that were far apart had similar sex ratios, but regions in-between had opposite sex ratios. We found no evidence that food supply (spruce cone crop) drives regional red squirrel sex ratio. Our findings add to the scarce evidence that vertebrate sex ratios show spatial patterns over large scales.
Spatial correlation patterns in abundance have come to the forefront in ecology in the past decade (reviewed in Liebhold et al. 2004; Sagarin et al. 2006; Pautasso 2007; Chevalier et al. 2014) . Spatial autocorrelation refers to the phenomenon that populations that are close in space are more similar or synchronous than more distant populations (Ranta et al. 1995; Sutcliffe et al. 1996; Koenig 1999) . In general, spatial synchrony is caused either by dispersal (movement of individuals tends to equalize interpopulation differences), large-scale environmental forcing (Moran effect-Moran 1950; Royama 1992) , or trophic links with another species showing spatial autocorrelation (e.g., Liebhold et al. 2004) . Spatial autocorrelations have also been observed for sex ratio dynamics (Ranta et al. 2000) , although they have gained less attention than spatial correlation patterns for abundance, probably due to the fact that information on sex ratios is more difficult to collect than abundance data. At large spatial scales, variations in sex ratio have been found in only a few studies, many of which concern juveniles (Reuterwall 1981; Arocha and Lee 1993; McGovern et al. 1998; Woolfenden et al. 2001; Byholm et al. 2002) .
In many mammals, sex ratio at birth is slightly male biased, which is considered a response to the higher juvenile mortality of males (Clutton-Brock et al. 1985; Ito et al. 2011 ) compared to females. Female mammals are also expected to produce more sons under good environmental conditions in polygynous mating systems (Trivers and Willard 1973; Clutton-Brock et al. 1981; Sheldon and West 2004 , but see Williams 1979) . As a consequence, spatial variation in resource availability may drive spatial variation in the sex ratio of a species on the next trophic level (Byholm et al. 2002 ). An alternative explanation for spatial patterns in sex ratios is that Fisherian sex ratio adjustment, which involves frequency-dependent feedback with a time lag, leads to variation in sex ratios across populations in time and space in a spatially structured population. This occurs when individuals adjust the sex ratio of their offspring to the adult sex ratio (ASR) of the local neighborhood rather than the ASR of the entire population (Ranta et al. 2000) . In contrast to the widely studied offspring sex ratio, the ASR remains an understudied feature of animal populations (Mayr 1939; Donald 2007) , the causes and consequences of which are poorly understood (Donald 2007) , although the ASR is also likely explained in part by the offspring sex ratio. In birds, ASR is driven mostly by mortality difference between the sexes, rather than biased offspring sex ratio, and the same may be true for mammals (Székely et al. 2014) , although welldocumented biases in offspring sex ratio do occur in both birds (e.g., Komdeur et al. 1997 ) and mammals (Sheldon and West 2004) . Cases of adaptive sex ratio biases are known, for example, from sciurids (e.g., European ground squirrels -Millesi et al. 1999; Richardson's ground squirrel-Ryan et al. 2011, but see Gedir and Michener 2014; Pallas squirrel-Kusahara et al. 2006) .
In this paper, we study spatio-temporal variation in sex ratios of red squirrels, Sciurus vulgaris L. We reanalyze a dataset on historic sex ratios of hunted subadult (born the same year) and adult red squirrels, collected throughout Finland in the late 1940s and 1950s, for which the locality of shooting was known (Lampio 1965) . At the time of data collection in NovemberDecember, the young of the year were roughly 6 months old (subadults) and had dispersed, facing various threats before recruiting to the population. We cannot estimate what proportion of juveniles survived until hunting season, but it is very likely that substantial mortality occurred and consequently the studied sex ratio is mostly determined by ASR and less by the offspring sex ratio of the young squirrels born that year. The survival rate of juveniles in coniferous forest according to Kenward et al. (1998) is approximately 0.44, and that of adult squirrels 0.80, the latter being in concordance with other studies on adult red squirrel survival (Wauters et al. 2004) . There is no sex bias in red squirrel dispersal (Wauters and Dhondt 1993; Wauters et al. 1994; Fey et al. 2016) . Thus, the sex ratio discussed in this study is the result of unknown proportions of offspring sex ratio and ASR, because the data consist of mixed age classes. In his original publication, Lampio (1965) judged the spatial variation in sex ratios mainly visually based on maps drawn from the data and tested for statistically significant difference in sex ratios between different parts of Finland, but at that time he was unable to conduct advanced statistical analysis of the observed pattern. For example, strength and pattern in spatial autocorrelation in the data remained unanalyzed. Therefore, our 1st aim is to study the spatial patterns in Lampio's (1965) data with modern statistical approaches. We predict that sex ratios of red squirrels are spatially autocorrelated.
Our 2nd aim is to investigate food availability as a possible mechanism behind red squirrel sex ratio variation. Seeds of Norway spruce (Picea abies, hereafter spruce) are the main food resource of red squirrels in our study area (Lampio 1967; Selonen et al. 2015) , but unlike some squirrel species, red squirrels at least in Finland seldom cache cones. In general, the spruce cone crop of both the same and previous year affects squirrel populations through winter survival, individual condition, and reproductive success (Andrén and Lemnell 1992; Boutin et al. 2006; Wauters et al. 2008; Selonen et al. 2015) . Production of spruce cones is spatially autocorrelated (Koenig and Knops 1998; Broome et al. 2007; Ranta et al. 2010 ) over large geographical distances, and hence a good candidate for driving spatial patterns in the next trophic level. Spruce cones mature by October-November and remain available for squirrels until April (Lampio 1967; Pulliainen 1983; Farjon 1990; Eckenwalder 2009 ), when most of the seeds have fallen, that is, cones remain in the trees for the entire winter and are available to squirrels. Squirrels mate in March-April, although the exact timing of estrous depends on food availability, and 2nd litters may occur in summer (Selonen et al. 2015) . As a result, female squirrels often consume the remnants of the previous year's spruce seeds during early gestation, which is an important phase for possible adjustment of offspring sex ratio (Cameron 2004) . The relative timing of spruce and red squirrel phenology are illustrated in Fig. 1 . An association between cone abundance and red squirrel sex ratios may arise when females bias their offspring sex ratio in response to local food conditions, and/or when red squirrel sexes differ in mortality in response to food supply. Lampio (1967) found preliminary evidence that when squirrels fed mainly on spruce cones, their preferred food resource, sex ratio was more often male biased. This connection occurred with cone consumption of the same year but not with that of the previous year, i.e., Lampio (1967) found immediate but not lagged effects of food on sex ratio. The consumption of different food items was based on reports of what squirrels had been observed to consume. Lampio (1967) divided squirrel samples into 3 classes based on proportion of spruce seeds in the squirrels diet in that area and compared sex ratios between the 3 classes. We focus on spruce cone crops and use linear models to study the relationship in more detail than Lampio (1967) .
Material and Methods
Red squirrel sex ratio data.-Red squirrels were hunted for their fur in great numbers in Finland in the 1940s and 1950s. The squirrel data used in this study were collected by Lampio (1965) who investigated squirrel pelts available in commercial fur stores. Squirrel hunting took place in November-December, when the subadults had dispersed. Regulations at that time specified that the pelts had to be tagged with a label that indicated their province and municipality of origin. The mean area of all municipalities in Finland at that time was approximately 555 km 2 . The system was changed in 1953, after which only the province, an areal unit much greater than municipality, was indicated on the tags. Thus, the data since 1953 were limited to those pelts for which the municipality of origin was voluntarily reported by traders. A few hundred additional squirrels that were sent to the Game Research Institute or encountered and investigated by Lampio between 1946 and 1953 are also included in the data. The data cover years 1946, 1948-1950, 1952-1954, and 1963, of which the years 1949, 1950, and 1952 have the most data (Table 1 ). In the years 1947 and 1951, squirrel hunting was prohibited in Finland. Lampio started to collect the sex ratio data in 1948, and by that time part of the skins from 1946 had already been sold.
The pelts were sexed based on the location of external urinary opening and the presence of a penis scar. Lampio (1965) argued that sex could always be determined with complete accuracy, because the external urinary opening with penis scar is located 1.5-3.5 cm anterior to anus in males, whereas the distance between anus and urinary opening is only 0.5 cm in females. The skin around these areas was always intact, because flaying damages skin only around the head and neck. Because hunting season is in late autumn and winter (November-December) when squirrels are not sexually active, their activity and thus shooting probability do not differ between sexes (Lampio 1965) . Males tend to have larger home ranges than females (Wauters and Dhondt 1992; Lurz et al. 2000) , but to our knowledge, movement activity of red squirrels in Finland does not differ between sexes in winter (based on 20 radiotracked individuals in winter, V. Selonen, S. Hämäläinen, pers. obs.). This pattern has also been observed for Finland's other sciurid species, the Siberian flying squirrel (Pteromys volans- Hanski et al. 2000) .The reason for this is likely the severity of winter in northern Boreal forests that decreases the movement activity of individuals during the cold months. Hunting was done using dogs and subsequently, there was an attempt to shoot all squirrels that were found, so no differential mortality by sex should occur in this phase. Furthermore, the pelts of male and female squirrels are practically identical in appearance and thus equally valuable, so there is no expected preference for either sex. We conclude there is no known reason to expect a bias in finding, shooting, trading, or selling squirrels and their skins in relation to sex (Lampio 1965) . The sex ratio was calculated as the proportion of males of all sexed individuals.
Spruce cone data.-The abundance of spruce cones was estimated from maps published in Metsälehti (a Finnish forestry magazine for forest owners and forestry personnelMetsäkustannus 2015). Data for 1952 and 1963 were obtained from the archives of the Finnish Forest Research Institute (METLA), which has since become part of the Natural Resources Institute Finland (Luke). The abundance of cones was estimated with a cone index on a scale of 0-5, except for the years 1952 and 1963, when it was estimated from 0 to 3. Both scales are linear and on both scales 0 indicates absence of cones and the maximum value, 3 or 5, indicates the most abundant crop imaginable. The values that were estimated from 0 to 3 were transformed to a 0-5 scale by multiplying them by 5/3. All values were based on sample plots and professional estimates, meaning that cones had been calculated from stable research forests, or forestry personnel had been studying the local forests and judging the crop level visually. The maps were georeferenced in order to provide coordinates of cone observation sites. Of the years relevant to this study, there were detailed maps for 1951, 1953-1954, and 1962 . The map for 1951 actually described abundance of pistillate flowers and not the realized cone crop, but because flowering correlates well with cone abundance (Pukkala et al. 2010) , the data were used as such. Province-level estimates of cone abundance for [1950] [1951] [1952] [1953] were published by Rummukainen (1954) and complementary additional information for all years was obtained from news articles published during the study years. For the years 1952 and 1963, when cone data were recorded on the level of regions (Finnish provinces) and no maps were available, we assumed that spruce cone abundance in the region described the cone abundance for red squirrel hunting locations within that region. This assumption is reasonable given the high spatial autocorrelation in spruce cone abundance (e.g., Broome et al. 2007 ). Also, in other coniferous trees, cone production is spatially correlated (LaMontagne and Boutin 2007) . When news articles reported cone crop estimates on municipality levels, the central coordinates of each municipality were used. The cone data were grouped into 100 × 100 km grid cells (because the data were sparse and because cone crops are known to be correlated within at least this distance [Ranta et al. 2010] ). The number of grid cells per year is shown in Table 2 .
Spatial and statistical analysis of red squirrel sex ratios.-The information on red squirrel numbers and their sex (Lampio The general sex ratio variation in the 50 × 50 km grid cells was first assessed by investigating the deviation from parity. The yearly sex ratio of each grid cell was calculated and plotted in a funnel graph (sex ratio against sample size). The 95% confidence interval of the range of sex ratio per sample size (i.e., the funnel) was calculated on the basis of the binomial distribution in R3.0.0 (R Core Team 2013). Sex ratio estimates falling outside the funnel are indicative of significant deviation from parity.
The spatial correlation in sex ratio across grid cells per year was assessed using Moran's I (Moran 1950; Bjørnstad et al. 1999) . In brief, Moran's I calculates the resemblance in the values of pairs of grid cells as a function of the distance between the grid cells. This pairwise resemblance is compared with the overall resemblance between pairs of grid cells. There were insufficient data in many years for a sufficient spatial coverage. Thus, our focus in this analysis was on the years 1949, 1950, and 1952 , during which large numbers of red squirrels were sexed and information on more than 50 grid cells per year was available (Table 1 ). Moran's I was calculated using the package "ncf" (Bjørnstad and Falck 2001; Bjørnstad 2013 ) in R3.0.0. Significance of the deviation of the calculated I from the expected (overall mean) I was based on 1,000 randomizations.
To study the relationship between red squirrel sex ratio and cone estimates, the data were combined based on grid cell location and year, so that 4 of the smaller (50 × 50 km) squirrel data cells fit into 1 spruce cone data cell (that was 100 × 100 km in size). Because sex ratios in the grid cells were mostly based on large numbers sampled, and because deviations from parity were modest and approximately normally distributed (see results), we analyzed sex ratios assuming a Gaussian distribution. We estimated a linear mixed model for mean squirrel sex ratio per cell explained by mean cone index per cell, with year as random factor (using R package "nlme" [Pinheiro et al. 2013] ). We evaluated significance of the fixed effect using t-tests for the coefficients and their associated SEs. For further illustration of the relationship between red squirrel sex ratio and cone abundance over space, a cross-correlogram (Bjørnstad et al. 1999 ) between the sex ratio and cone index in the year 1952 was calculated using the "ncf" package. Similar analyses for other years showed qualitatively similar pattern but are not included, because other years did not provide reliable information due to insufficient spatial coverage of cone abundance and/or red squirrel sex ratio.
results
Sex ratio bias in red squirrels.-A total of 187,404 red squirrels were sexed during all study years, producing annual red squirrel sex ratio estimates in two hundred and eighty-three 50 × 50 km grid cells. A funnel plot of the variation in these sex ratio estimates showed clearly that sex ratios deviate from parity in a large fraction of all grid cells (Fig. 2) . The majority of grid cells (73%, 206/283) showed sex ratios that did not deviate significantly from parity, but 19% (55/283) and 8% (22/283) of grid cells showed a larger male and female bias, respectively, than expected by chance. Sex ratio bias toward males occurred more frequently than bias toward females (χ 2 1 = 14.1, P < 0.001). The total sex ratio was significantly male biased (50.9%, 95,359/187,404; Table 1 , χ 2 = 58.6, P < 0.001).
Spatial synchrony in sex ratios.-The grid-specific sex ratios varied spatially within each year (Fig. 3, top row) . Resemblance in sex ratio, as calculated as Moran's I, was significantly positive for grid cells that were near each other in all 3 years considered (Fig. 3, bottom row) . Red squirrel sex ratios showed a significant negative association at intermediate spatial distances to become again significantly positively associated at further spatial distances in the 2 years with the highest spatial coverage (1949 and 1952) . Thus, we find evidence of a U-shaped autocorrelation in sex ratios across space. Correlations beyond distance of circa 700 km or more based on only few pairs of grid cells were not significant. Only significant correlation points (the filled ones in Fig. 3 ) indicate positive or negative association of sex ratios at given distance.
Relationship between red squirrel sex ratios and spruce cones.-The cone index was not significantly associated with sex ratio (linear mixed model, intercept: 0.51 ± 0.0063, t 195 = 80.7, P <0.001; slope: −0.00089 ± 0.0029, t 195 = −0.30, P = 0.76). The scatter plots (Fig. 4) demonstrated that sex ratios varied greatly within each year (from female-to male-biased Fig. 2. -Funnel graph of annual red squirrel sex ratio (proportion of males on the y-axis) plotted against the number of red squirrels that were sexed in a 50 × 50 km grid cell (on the x-axis). The dashed line indicates equal sex ratio. The funnel indicates the 95% confidence interval around an equal sex ratio. Grid cells falling outside the funnel thus deviate more from parity than expected by chance. Cells with a significant male bias are indicated as black squares, and cells with a significant female bias are indicated as black triangles. sex ratios), despite little variation in cone index within each year (Table 2) . We also looked at the possible effect of the previous year's cone crop, but found no significant lagged effects. There was hence no strong evidence that sex ratios correlated with cone abundance either within or across years (Fig. 4) . The cross-correlogram for 1 year where enough data were available further confirmed the absence of a correlation between sex ratio and cone indices over distances (Supporting Information S1).
discussion
We reanalyzed an unusual dataset (Lampio 1965 ) on sex ratios of subadult and adult red squirrels collected on a large spatial scale during a number of years. We find clear evidence that sex ratios in red squirrels are spatially autocorrelated, with large geographic regions of up to 200 km across having either male or female dominance in certain years. On the scale of 50 × 50 km, significant deviations from even sex ratios occur regularly, most often in the direction of a male surplus. However, overall, and across years, red squirrels only have a slightly male-biased sex ratio (50.9%). Anecdotal evidence for local sex ratio bias in squirrels is found in the literature (e.g., Pulliainen 1982; Lurz 1995; Lurz et al. 2005 on Eurasian red squirrels -Hurly 1987; Michener 1989; Sherman and Runge 2002; Gür and Barlas 2006 on other species), but ours is the 1st study to document this phenomenon on a large spatial scale of several hundreds of kilometers based on multi-annual data.
Biased sex ratios have multiple ecological implications. Within-sex density dependence affects survival, recruitment, immigration, and reproductive rates of both male and female red squirrels, but this effect is stronger for females (Wauters et al. 2004) . Typically, the biggest and most dominant male squirrels are successful in mating with females (Wauters et al. 1990 ). Thus, locally male-biased sex ratios may increase competition for females among males that could lead to increased mean quality of males that mate with females. This would benefit females and the population as a whole, but on individual level, means that poor-quality males mate with lower Table 1. probability than in female-biased populations or in a population where the sex ratio is even. Females defend a core area against other individuals of the same sex (Wauters and Dhondt 1992) . Thus, reproductive rate decreases with increasing female density in red squirrels (Wauters et al. 2004) , such that, all else being equal, a female-biased population may have a lower reproductive output than a population with an equal sex ratio.
A biased sex ratio among offspring could arise if under good conditions females produced not only more offspring, but also more sons than daughters (Trivers and Willard 1973) . A 2nd non-mutually exclusive possibility is that juvenile mortality is high under poor food conditions and especially the mortality of juvenile males (Clutton-Brock et al. 1985) . We hypothesized that the relationship between regional sex ratio and abundance of spruce cones, the main food resource of red squirrels, could drive a spatial pattern in red squirrel sex ratios. Also, Lampio (1967) suggested that high consumption of cones was associated with male-biased sex ratio. Nevertheless, red squirrel sex ratios were neither associated with cone abundance of the same year nor to that of the previous year. It may be that the score for cone productivity used was too coarse to contrast the differences in food availability relevant for red squirrel. Within each year, the abundance of spruce cones varied little between regions and hence was spatially synchronized over very large areas, whereas the sex ratio variation, although spatially autocorrelated, clearly showed pronounced differences between regions on the scale of Finland (Fig. 4) . It is possible that sex ratios are more strongly affected by other locally and regionally varying factors than cone crop. At present, we can only speculate on what such factors could be. Lampio (1965) suggested that differential susceptibility to disease between the sexes could be 1 factor behind sex ratio bias. He analyzed data based on reports of sick squirrels and concluded that mortality was higher in male squirrels. In contrast to his findings, mortality due to squirrel pox virus (found in Great Britain-LaRose et al. 2010) or differences in the occurrence of ectoparasites (Pisanu et al. 2014) do not differ between sexes. Romeo et al. (2013) found that the abundance of a helminth Trypanoxyuris (Rodentoxyuris) sciuri increased with body mass in males but decreased in female squirrels, but these reversed trends did not cause a general difference in parasite load between the sexes, and no difference was found in the abundance of other parasites in relation to sex. Another possibility is that food resources other than spruce cones affected sex ratios, but this seems unlikely because spruce seeds are the main food of red squirrels in our study areas and squirrel numbers are tightly linked to availability of spruce cones (Selonen et al. 2015) . Lampio (1967) also considered the effects of migration, litter size, adult ratio (the ratio of adult females to all individuals), population density, and predation on sex ratio, but for most of these explanatory variables sample sizes were small, or the data were not published in a form that enabled reanalysis. His main finding was that adult ratio and disease had strongest negative effects on sex ratio (i.e., decreased the proportion of males).
One of the most important factors that differentially affects survival of males and females is reproduction, in which females invest more energy than males, and for a greater duration (Wauters and Dhondt 1989; Wauters et al. 1990) . Males, on the other hand, tend to have larger territories (Wauters and Dhondt 1992; Lurz et al. 2000) , which may lead them to encounter more of both predators and competitors, but also provide access to more resources. In the American red squirrel (Tamiasciurus hudsonicus), greater movement of males during breeding season has been suggested to be a possible cause of greater mortality of adult males compared to females (LaMontagne et al. 2013) . Red squirrel mortality may also depend on habitat composition, with male-biased mortality occurring in spatially variable habitats (Wauters et al. 2001) . Also, the fact that adult males are more often killed by traffic in winter than females (Shuttleworth 2001) suggests that greater movement may lead to increased mortality. Road casualties per se cannot have contributed to squirrel mortality in our system, because there were few forest roads and cars in Finland at the time when the data were collected. Moreover, sex-specific behaviors are rather constant (e.g., rearing offspring, territorial defense), so while they can lead to sex-biased mortality, they are unlikely to cause variation is sex ratio in space and time. Ranta et al. (2000) forwarded a view on sex ratio adjustment that does not assume that spatial patterns transpire from interactions between trophic levels or from spatial movement patterns. Ranta et al. (2000) considered Fisherian sex ratio adjustment in a spatially explicit setting and concluded that spatial sex ratio patterns can arise whenever sex ratio adjustments are made to the operational sex ratio (i.e., the ratio of fertilizable females to sexually active males-Emlen and Oring 1977) of the focal population and its nearest neighbors rather than to the operational sex ratio over all populations. Our study considers sex ratio patterns on the national scale that is so large that no local population of red squirrels has information on the operational sex ratio of this entire population. Thus, 1 possibility is that sex ratio adjustments in red squirrels are made to local (rather than global) operational sex ratios. In general, adjustment of sex ratios to local, rather than global, operational sex ratios is expected to lead to resemblance in the sex ratios of neighboring sites (spatial coupling). Nevertheless, it is, to our knowledge, presently unclear whether such processes alone would in fact cause the spatial correlation patterns in sex ratios observed in this study. In any case, the existence of spatial autocorrelation in sex ratio, such as we document here, raises the question as to what spatial scale the operational sex ratio of a population should be defined, which is important if we are to understand sex allocation decisions empirically.
Intriguingly, in the 2 study years with the highest spatial resolution, we find evidence of an autocorrelation curve, where adjacent localities and those that are large distances apart show similar sex ratios, but localities at intermediate distances are dissimilar to the focal site. Such a pattern is consistent with a traveling wave (Ranta and Kaitala 1997; Lambin et al. 1998) . Traveling waves are known to occur in population dynamics. For example, the abundance of voles shows traveling wave dynamics over large spatial scales (Ranta and Kaitala 1997; Berthier et al. 2014) . Although the available red squirrel sex ratio data lack the temporal resolution to explore this phenomenon more fully, the existence of a U-shaped autocorrelation pattern suggests that processes generating complicated spatiotemporal patterns may be operational. A defining feature behind such patterns is that relatively simple deterministic processes can, when placed in a spatially explicit setting where populations interact primarily with their nearest neighbors, generate spatial patterns suggesting that populations are structured in space (Bascompte and Solé 1995; Kareiva and Wennergren 1995; Bjørnstad et al. 2002) . This structure can occur despite the fact that the landscape is homogeneous and populations are contiguous (Ranta et al. 2000) .
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